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Mass administration of antimalarial drugs and ivermectin are being considered as potential accelerators of

malaria elimination. The safety, tolerability, pharmacokinetics, and mosquito-lethal effects of combinations of
ivermectin, dihydroartemisinin-piperaquine, and primaquine were evaluated. Coadministration of ivermectin and
dihydroartemisinin-piperaquine resulted in increased ivermectin concentrations with corresponding increases in
mosquito-lethal effect across all subjects. Exposure to piperaquine was also increased when coadministered with
ivermectin, but electrocardiograph QT-interval prolongation was not increased. One subject had transiently impaired
liver function. Ilvermectin mosquito-lethal effect was greater than predicted previously against the major Southeast
Asian malaria vectors. Both Anopheles dirus and Anopheles minimus mosquito mortality was increased substantially
(20-fold and 35-fold increase, respectively) when feeding on volunteer blood after ivermectin administration
compared with in vitro ivermectin-spiked blood. This suggests the presence of ivermectin metabolites that impart
mosquito-lethal effects. Further studies of this combined approach to accelerate malaria elimination are warranted.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Ivermectin kills the Anopheline malaria vector and mass
drugadministration (MDA) can suppress malaria transmission.
Ivermectin could be combined with antimalarial drug MDA,
but safety evaluations are limited.

WHAT QUESTION DID THIS STUDY ADDRESS?

M This study assessed the safety, tolerability, pharmacokinetic
interaction, and mosquito-lethal effect of combinations of iver-
mectin, dihydroartemisinin-piperaquine, and primaquine in
healthy Thai adults.

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M A drug—drug interaction occurred during the coadmin-
istration of ivermectin and dihydroartemisinin-piperaquine,

leading to increased ivermectin concentrations and mosquito-
lethal effects, with transaminase rises in one subject. The expo-
sure to piperaquine was increased when co-administered with
ivermectin, but was not associated with increased QT-interval
prolongation. Anopheles dirus and Anaopheles minimus mosquito
mortality was substantially increased when fed volunteer blood
after ivermectin administration compared with ivermectin-
spiked blood, potentially explained by ivermectin metabolites
with mosquito-lethal effects.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[ There may be slowly eliminated ivermectin metabolites with
mosquito-lethal activities. Ivermectin plus dihydroartemisinin-
piperaquine MDA could be used for malaria elimination but
potential for hepatotoxicity needs further study.
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Novel control and elimination measures are needed urgently to
contain artemisinin and partner drug resistance in the Greater
Mckong Subregion (GMS). With new drugs still years away,
it is proposed that this can be achieved only by elimination of
Plasmodium falciparum from the region.1 In recent years, mass
drug administrations (MDAs) using the artemisinin-based
combination therapy (ACT) dihydroartemisinin-piperaquine
with primaquine have been evaluated throughout the GMS.>?
Dihydroartemisinin rapidly clears Plasmodium-infected individ-
uals of the majority of their asexual parasites, and piperaquine
eliminates the residuum to prevent recrudescent infections while
providing post-treatment prophylaxis for ~ 1 month, which pre-
vents new blood stage infections.®’ Single low-dose primaquine
is added to kill late-stage gametocytes and prevent onward trans-
mission from infected individuals to Anopheles mosquitocs.g’9
However, none of these drugs affects infection rates in the extant,
already infected Anopheles population,11 which will continue to
transmit malaria parasites.

Anapheles mosquitos in the GMS typically feed outdoors,
thereby evading classic control efforts, insecticide-treated bed nets,
and indoor residual spraying with insecticides.'>"* In vitro assays
demonstrate that ivermectin, at human-relevant concentrations, is
lethal to the two primary malaria vectors in the GMS, Anapheles
dirus and Anopheles minimus."> Because ivermectin kills mos-
quitoes following the point of human-vector contact, ivermectin
MDA is a novel vector control tool that targets outdoor malaria
transmission directly. In West Africa, ivermectin MDA has been
shown to kill wild Anopheles, shift the mos%uito population age
structure, interrupt mosquito transmission,® and reduce clinical
incidence of P ﬁzlcipamm.w

Combining ivermectin with antimalarial MDA would be a
novel way to reduce transmission of Plasmodium parasites, as
it targets the malaria parasite in the host and mosquito vector.
MDA coverage rarely reaches 100% of the eligible population,
adherence may be poor, and malaria asymptomatic or healthy
people may not perceive a direct personal benefit from partic-
ipation in ACT-based MDAs.'® However, experience in Africa
shows that people do recognize direct personal benefits from
participating in ivermectin MDAs because the drug affects
several neglected tropical diseases,'” which are common in ma-
laria-endemic areas.”’ Thus, combining ivermectin with ACT
MDAs may both improve overall health outcomes and MDA ac-
ceptability. This trial assessed the safety, tolerability, pharmaco-
kinetic interactions, and mosquito-lethal effect of combinations
of ivermectin, dihydroartemisinin-piperaquine, and primaquine

in healthy adult Thai subjects.

MATERIALS AND METHODS
Study design

The study was an open label, single dose, sequential trial, with oral admin-
istration of ivermectin, dihydroartemisinin-piperaquine, and primaquine,
alone and in combination. Seven drug regimens were evaluated: ivermec-
tin (400 pg/kg) alone, dihydroartemisinin-piperaquine (120/960 mg)
alone, primaquine (30 mg) alone, dihydroartemisinin-piperaquine plus
primaquine, ivermectin plus primaquine, ivermectin plus dihydroartemis-
inin-piperaquine, and ivermectin plus dihydroartemisinin-piperaquine plus
primaquine. Sixteen healthy adult male and female Thai subjects between
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18 and 60 years of age were recruited. The sample size was based on prolon-

gation of the QT-interval. See Text S1 for further detail.

Safety analysis

Safety was analyzed based on adverse events (AEs), physical examina-
tion, vital signs, clinical laboratory parameters, 12-lead electrocar-
diogram findings, and methemoglobin levels. See Text S1 for further
details.

Pharmacokinetic analysis

Blood samples were collected at 0 (predose), 0.5, 1, 1.5,2,3, 4, 6, 8, 12,
and 24 hours and on days 2, 3, 6, 10, 14, 21, and 35. All drug analyses
were performed using validated high-performance liquid chromatog-
raphy linked with tandem mass spectrometry.”"** Individual subject
drug concentration-time data were evaluated using a noncompart-
mental approach. Pharmacokinetic parameter estimates from the dif-
ferent regimens were analyzed using a bioequivalence function (i.c.,
log-transformed pharmacokinetic exposure parameters peak plasma
concentration (C__ ) area under the concentration-time curve from
time zero to the last measured concentration (AUC,) and time to
maximum concentration (T )) were used to assess the drug when
administered alone vs. that in combination. See Text S1 for further
details.

Mosquito survival analyses

Anapheles dirus s.s. and An. minimus s.s. were reared as described pre-
viously.” Whole blood samples were collected in sodium heparin tubes
at 0, 4, and 24 hours, and on days 2, 3, 6, and 10 from all drug regimens
that contained ivermectin, and blood fed to mosquitoes. See Text S1 for
further details.

RESULTS

Subjects

Sixteen healthy subjects were enrolled in the study (7 men and 9
women). At baseline, women had significantly higher body mass
index, whereas men had significantly higher hemoglobin, albumin,
and serum creatinine levels (Table 1). All the volunteers completed
the study protocol and were included in the safety, mosquito survival,
and pharmacokinetic analyses.

Table 1 Baseline demographics of study participants

Demographics Male (n=7) Female (n = 9)
Age (year) 32 (29, 36) 37 (32, 48)
Weight (kg) 62.9 (56.9, 69.8) 62.9 (56.6, 72.8)

Body mass index (kg/m?)?
Hemoglobin (g/dL)?
Creatinine (mg/dL)?

21.5 (20.0, 22.3)
14.4 (13.7, 15)
0.87 (0.8, 0.93)

23.3 (23.1, 27.6)
12 (11.5, 12.6)
0.63 (0.62, 0.75)

Albumin (g/dL)? 4.6 (4.5, 4.6) 4.3 (4.2,4.4)
Aspartate transaminase 21 (17, 23) 15 (15, 17)
(1u/L)

Alkaline phosphatase 18 (16, 19) 12 (11, 14)
(1U/L)

Alkaline phosphatase 64 (48, 89) 57 (50, 71)
(1u/L)

Total bilirubin (mg/dL) 0.7 (0.6, 0.9) 0.4 (0.3, 0.5)

QTcF interval (ms) 411 (407, 426) 414 (411, 416)

Data are reported as median (interquartile range) unless otherwise specified.
IU/L, international units per liter; QTcF, Fridericia-corrected QT-interval.
2Significant differences (P < 0.01) in baseline characteristics between male
and female volunteers.
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Safety analysis

The drugs were well-tolerated. No clinically significant changes in the
physical examination or vital signs were observed during the course of
the study. All subjects had methemoglobin levels below 2.1% at all times
during the study.

Two severe adverse events were reported in two subjects. One male sub-
ject was hospitalized due to dengue infection, considered unrelated to the
study drug or procedures. One 40-year-old female subject had transient
elevation of liver enzymes when given ivermectin plus dihydroartemisi-
nin-piperaquine; her aspartate aminotransferase (AST) levels rose 10.7-
fold (grade 4) above the upper limit of normal (ULN), deemed a severe
adverse event by Division of Acquired Immunodeficiency Syndrome tox-
icity grau‘ling,24 her alanine transaminase (ALT) rose 6.9-fold above the
ULN (grade 3) and alkaline phosphatase (ALP) 1.4-fold above the ULN
(grade 1). Following ivermectin plus dihydroartemisinin-piperaquine plus
primaquine administration her AST rose 6.8-fold above the ULN (grade
3), her ALT was 6.2-fold above the ULN (grade 3), and ALP was 1.4-
fold above the ULN (grade 1; Figure 1). This was considered linked to
study drug combinations. All values returned to normal within 10 days
(Figure 1). There was no increase in total bilirubin and so no violation
of Hy’s Law. She had taken no concomitant medication, was negative for
hepatitis A/B/C, had a normal serum lipid profile, and normal hepatobi-
liary ultrasound. Four other AEs (grade 1) related to liver function tests
were observed in other volunteers but each was detected before drug ad-
ministrations and so considered unrelated to study medications (Figure
$1). For all other volunteers, there were no significant differences in mean
rise in liver function test values from baseline (0 hour) to 24 hours post-
drugadministration between treatment regimens for AST (Fvalue = 0.95;
P = 0.4630), ALT (F value = 1.14; P = 0.3428), ALP (F value = 0.27;
P =0.9507), direct bilirubin (¥ value = 0.67; P = 0.6731), or total biliru-
bin (Fvalue = 0.8; P = 0.5692; Figure S1).

During the study, 51 nonhepatobiliary AEs were reported by 14 sub-
jects and all were considered unrelated to the study drugs. The most com-
mon other AEs were infections, mostly acute febrile illnesses and common
colds (Table S1). All AEs resolved completely.

Observed QT-intervals were correlated significantly with heart rate.
The commonly used Fridericia-correction (correction factor of 0.333)
and Bazett-correction (correction factor of 0.500) did not resolve this cor-
relation fully (Figure $2). Thus, all QT measurements and correspond-
ing heart rates were used to estimate an optimal study-specific correction
factor, resulting in an optimal correction factor of 0.428. No subject de-
veloped a prolongation of study-specific corrected QT-intervals (QTcS)
of >60 ms or had an absolute value above 500 ms, two criteria often used
to indicate an increased risk of Torsade des Pointes. There was a signif-
icant correlation between AQTcS and piperaquine concentrations in all
piperaquine cohorts but no significant relationship with ivermectin or
primaquine concentrations (Figure 2). Administration of dihydroarte-
misinin-piperaquine alone resulted in a 2.94 (95% confidence interval
(CI) 1.91-3.62) millisecond prolongation of QTcS-intervals per 100 ng/
mL increase in piperaquine plasma concentrations. Coadministration of
ivermectin and/or primaquine did not augment this (Figure 2). There
were no significant differences in maximum AQTcS between pipera-
quine groups using a paired analysis of variance (ANOVA; P = 0.2358).

Pharmacokinetic analysis

There was no significant difference in ivermectin exposure between
male and female subjects (P> 0.05). All drug-drug interactions are
illustrated in Figure 3 and summarized in Table $2. Pharmacokinetic
parameter estimates, stratified by treatment regimen, are summarized in
Table S3. In bricf, coadministration of dihydroartemisinin-piperaquine
and ivermectin resulted in a significant increase in peak concentrations
and overall exposure to ivermectin (C__ : 27.3%; AUC.: 33.1%). This
drug-drug interaction was augmented when ivermectin was given with
both dihydroartemisinin-piperaquine and primaquine (Cmax: 31.9%;
AUC: 54.4%). Coadministration with primaquine had no significant
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Figure 1 Liver enzymes associated with drug administration of
ivermectin, dihydroartemisinin-piperaquine, and primaquine in one
subject. Aspartate transaminase (AST), alanine aminotransferase
(ALT), and alkaline phosphatase (ALP) values in one female volunteer
following administration of (a) ivermectin plus dihydroartemisinin-
piperaquine (DHA-PQP) and (b) ivermectin plus DHA-PQP plus
primaquine. Dashed lines demarcate adverse events grading scale
for female subjects at Mahidol Hospital for Tropical Diseases.

impact on the pharmacokinetic properties of ivermectin, other than a
small but clinically insignificant reduction in the time to peak concen-
trations (T _: —14.7%).

The pharmacokinetic properties of piperaquine were influenced by
coadministration of ivermectin, resulting in substantially increased peak
concentrations of piperaquine (C__: 61.1%). Coadministration of pri-
maquine had no effect on the pharmacokinetic properties of piperaquine,
but coadministration of both primaquine and ivermectin significantly
increased peak piperaquine concentrations and overall exposure (C
40.3%; AUC,: 26.9%).

The pharmacokinetic properties of dihydroartemisinin were not
affected by coadministration of ivermectin, or both ivermectin and
primaquine. However, coadministration of primaquine alone slightly
reduced peak dihydroartemisinin concentrations and overall exposure

(C,ei 21.9%, AUC : —20.1%).

max’
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Figure 2 Electrocardiographic effects, stratified by treatment regimen. Open circles represent observed study-corrected QT-interval
prolongations (AQTcS) and associated measured drug concentrations at those particular time points. Solid red lines represent the mean
regression line and the shaded areas represent the 95% confidence interval of the mean slope. Dashed black lines represent zero AQTcS

effect. DHA-PQP, dihydroartemisinin-piperaquine.

No significant impact was seen on the pharmacokinetic properties of
primaquine when co-administered with ivermectin, except a reduction
in the time to peak concentrations (T, : —30.5%). Peak primaquine
concentrations were slightly increased with coadministration of dihy-
droartemisinin-piperaquine (C__: 16.7%) and with both dihydroarte-
misinin-piperaquine and ivermectin (C__:25.0%).

Drug measurements of ivermectin in venous and capillary blood
showed an ~1:1 correlation with no substantial difference between male
(slope = 0.962; 90% CI 0.910-1.014) and female (slope = 1.073; 90% CI
1.017-1.130) subjects (Figure S3a). This 1:1 correlation was maintained
when comparing between ivermectin alone (slope = 1.037; 90% CI1 0.997—
1.078) and ivermectin plus dihydroartemisinin-piperaquine (slope = 0.999;
90% CI 0.936-1.063; Figure S3b). Two female subjects had detectable lev-
els of ivermectin in capillary blood at 56 days (1.12 ng/mL) and at 69 days
(1.48 ng/mL) after ivermectin plus primaquine administration.

Mosquito survival analysis

A total of 17,946 An. dirus and 17,626 An. minimus were evaluated
in survival assays. Survival of both An. dirus and An. minimus was re-
duced significantly (P < 0.0001) when fed volunteer blood collected
at all time points, compared with baseline controls (hour 0), across all
treatment regimens (Figure S$4). There was significantly increased mos-
quito mortality for An. dirus when fed volunteer blood from days 6 and
10 (Figure 4a) and for An. minimus when fed volunteer blood from day
10 (Figure 4b) in all regimens containing dihydroartemisinin-pipera-
quine compared with regimens of ivermectin alone. For An. dirus, mos-
quito mortality was increased by 20.2-fold when fed human volunteer
blood after ivermectin administration (iz vivo 7-day lethal concentration
50% (LCy,) = 2.86 ng/mL; 95% CI 2.67-3.05; Figure 5b) compared
with our previous iz vitro results with ivermectin compound mixed with

human blood (i vitro 7-day-LC50 = 57.65 ng/mL; 95% CI 52.30-63.12;

1224

Figure 5a).”> For An. minimus, mosquito mortality was 35.0-fold higher
when fed human volunteer blood after ivermectin administration (iz vive
7-day-LC50 =0.42 ng/mL; 95% CI 0.39-0.46; Figure 5d) compared with
our previous 7 vitro results (7-day-LC,, = 14.68 ng/mL; 95% CI 11.51-
18.12; Figure 50).5 Comparing the ivermectin concentration-time curve
and the 4n. dirus mortality-time curve illustrates the discordance between
pharmacokinetic and pharmacodynamic processes based on parent com-
pound concentrations alone, suggesting the presence of more slowly elimi-
nated ivermectin metabolites with mosquito-lethal effects (Figure 6).
There were small but significant differences in An. dirus mortality when
using human volunteer blood from men (lO-clay—LCSO = 2.35 ng/mL; 95%
CI 2.23-2.48) and women (10-day-LC,; = 2.90 ng/mL; 95% CI 2.75-
3.04). There were also minor differences in An. dirus mortality between drug
regimens: ivermectin alone 10-day-LC50 =2.66ng/mL;95% CI12.49-2.83),
ivermectin plus primaquine (10-day-LC,;=2.53 ng/mL; 95% CI2.24-2.83),
ivermectin plus dihydroartemisinin-piperaquine ( lO—dzly—LC50 =2.67ng/mL;
95% CI 2.46-2.89), and ivermectin plus dihydroartemisinin-piperaquine
plus primaquine (10-day-LC,, = 2.95 ng/mL; 95% CI 2.75-3.15). The
estimated intracluster correlation value for An. dirus mortality was 0.264.
Mortality rates in An. minimus were extremely high (Figure 4, Figure $4)
with 10-day-LC, values below the lower limit of ivermectin detection
(0.776 ng/mL), therefore, further analyses of An. minimus mortality were
not performed. Hazard ratios for mosquito mortality by day post-blood meal
ingestion indicate that most mosquito mortality occurs in the first 3 days for
both species. Blood from later time points post—drug administration (e.g.,
days 6 and 10) fed to A7. dirus had a delayed lethal effect. Hazard ratios for
mortality for An. dirus and An. minimus (Figure SS) were much higher than
for An. gambz’ae,zs but this was due in part to the high baseline control (hour
0) survival (Figure 4, Figure $4). Iz vitro membrane feeding results with pip-
eraquine-spiked blood indicated no effect of parent compound on An. dirus

survival (P > 0.05; Figure S6).
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Figure 3 Drug—drug interaction effects, stratified by drug and treatment regimen. Graphs represent Forest plots of geometric mean ratios of
pharmacokinetic parameters (circles) and associated 90% confidence intervals around these ratios (bars). The solid vertical lines represent
no interaction, whereas vertical dashed lines represent an effect of + 25% relative difference, deemed to represent a clinical relevant effect.
AUC,, area under the concentration-time curve from time zero to the last measured concentration; C__ , peak plasma concentration; DHA-PQP,

dihydroartemisinin-piperaquine; T

max’

DISCUSSION

All drugs were well tolerated. The only apparent safety concern was a
presumed drug—drug interaction in a 40-year-old female subject, which
occurred on both occasions when ivermectin was co-administered with
dihydroartemisinin-piperaquine. Her AST and ALT levels rose quickly
postdose but returned to normal within 10 days (Figure 1) without a

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 107 NUMBER 5 | May 2020

time to reach maximum concentration.

concomitant rise in bilirubin (i.c., no violation of Hy’s Law) and without
symptoms. Further investigation revealed no alternative cause for these
increases in liver enzymes, and the ivermectin and piperaquine concen-
trations were not elevated compared with other volunteers.

Piperaquine has been rarely associated with liver injury. A multicountry
study in Africa with dihydroartemisinin-piperaquine treatment of > 10,000
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Figure 4 Mosquito lethal effects of ivermectin, across all drug regimens, stratified by Anopheles dirus (a) and Anopheles minimus (b).
Filled symbols represent the cumulative mean mosquito mortality at 10 days post-blood meal, across the different ivermectin-containing
drug regimens, at each blood collection time point. Bars represent the 95% confidence intervals around these means. DHA-PQP,

dihydroartemisinin-piperaquine.

malaria-infected patients found elevated levels of AST and ALT
(> 2 x ULN) on day 7, in 19 and 13 patients, respectively.” It is unclear
whether those elevations were related to malaria or to its treatment. One
case of mild hepatitis was lmkcd to dihydroartemisinin-piperaquine in
a P, falciparum-infected patient.”” There are some reports of hepatotox-
icity associated with ivermectin. A previous trial reported an increased
ALT and gamma-glutamyl transferase, possibly linked to ivermectin, in a
37-year-old woman with cholelithiasis after ivermectin treatment with a
dose of 2 mg/kg, which is five times higher than doses used in this trial. 8
Minor increases in AST and ALT were observed in three elderly Japanese
patients when treated with ivermectin (200 pg/kg twice 1 week apart) for
scabies who were also on zopiclone, amlopidine, lansoprazole, zolpidem,
and rabeprazole There are two reports of ivermectin alone mducm%
liver damage, resulting in hepatitis in a 20-year-old female with Loa loa®
and prolonged liver dysfunction in an 85-year-old man with scabies.”’ In
a previously published trial, 3 of 90 patients with fa/ciparum who received
ivermectin (300 or 600 pg/kg) and dihydroartemisinin-piperaquine for
3 consecutive days had elevated AST and/or ALT values (grade 3). Two
panents had grade 1 levels and one patient had grade 3 levels at enroll-
ment.”> The findings of increased AST and ALT following ivermectin
and dihydroartemisinin-piperaquine in the current and previous™ trials
warrant further investigation.

The ivermectin plus primaquine (30 mg) combination was well toler-
ated and no AEs were reported for this combination. This combination
could be considered for MDAs to provide simultancous radical cure
of Plasmodium vivax and to prevent malaria transmission.”> Further
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evaluation of ivermectin plus primaquine safety in P wvivax—infected
G6PD deficient persons is warranted before full scale MDAs occur.

The overall exposure to ivermectin was increased substantially by con-
comitant administration of dihydroartemisinin-piperaquine (increase
of 33%), which was augmented further when primaquine was added
(increase of 54%). The mechanism of this drug-druginteraction is unclear,
but could be a consequence of i mtcracnon at CYP3A4 the main meta-
bolic pathway for both ivermectin® and piperaquine.* Coadministration
of primaquine alone did not have a significant impact on the exposure to
ivermectin, suggesting that the drug—drug interaction is driven primar-
ily by dihydroartemisinin-piperaquine. Ivermectin is safe in much larger
doses”
unlikely to be of clinical significance.

The pharmacokinetic properties of piperaquine were unaffected
when primaquine alone was co-administered. Although peak pip-
eraquine concentrations were elevated when co-administered with
ivermectin (a 61% increase) there was no impact on total exposure.
However, ivermectin plus primaquine did increase exposure to pipera-
quine, with a 27% and 40% increase in total exposure and peak concen-
trations, respectively. This could be a consequence of a competition for
CYP3A4 biotransformation. In contrast, a previous pharmacokinetic
study showed that piperaquine parameter estimates were not influenced
by coadministration of ivermectin.’> Possible explanations for these
differences between studies could relate to the different study designs,
populations (Thai and Kenyan) and disease states (healthy and 2 falci-
parum infected).

than admmlstcred hCl’C, NeJ thlS increase in ivermectin exposure is

VOLUME 107 NUMBER 5 | May 2020 | www.cpt-journal.com



ARTICLE

(a)

100
g
> 804
£ 601
o
£ 40
@ J
2
S 201
<

018

0 20 40 60 80 100 120
Ivermectin (ng/ml)

(c)

An. minimus mortality (%)

T T T T

T
0 5 10 15 20 25 30 35

Ivermectin (ng/ml)

An. dirus mortality (%)

T

T T T
40 60 80 100 120
Ivermectin (ng/ml)

A100--Fu

804 ©

:

604 |

20-?
8

T T T
0 5 10 15 20 25 30 35
Ivermectin (ng/ml)

Figure 5 Mosquito lethal effects of ivermectin, after membrane feeding to Anopheles dirus (a, b) and Anopheles minimus (c, d), using
ivermectin-spiked blood a, ¢ and human volunteer blood after ivermectin administration b, d. In vitro spiked blood a, ¢ represents healthy
human blood spiked with known concentrations of ivermectin reference standard. In vivo volunteer blood b, d represents human volunteer
blood collected in healthy volunteers at various time points after oral administration of ivermectin (400 pg/kg), and drug concentrations
measured using liquid chromatography mass spectrometry. Open circles represent cumulative mosquito mortality 7 days after blood meal
ingestion. Solid red lines represent the mean concentration-response relationship and the dashed red lines represent the 95% confidence
interval associated with the nonlinear fit. Dashed black lines represent the estimated minimum effects based on control mosquito mortality,

and fixed maximum effects of 100% mortality.
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Figure 6 Pharmacokinetic and pharmacodynamic effects of
ivermectin. Observed ivermectin concentration (black, left y-axis) and
Anopheles dirus mosquito mortality (red; right y-axis) plotted vs. time.
Solid lines represent median values and shaded areas represent

the interquartile range (25-75th percentile). The dashed black line
represents the An. dirus in vitro 7-day-lethal concentration 50%-value
(57.65 ng/mL).

The substantial increases in peak plasma concentrations of piperaquine
when co-administered with ivermectin alone (61%) or with primaquine
(40%), did not have a significant effect on QT-interval prolongation
(Figure 2), suggesting that these pharmacokinetic interactions did not
translate into an increased risk of arrhythmia. Furthermore, the overall
relationship between piperaquine concentrations and AQTcS was not
substantially different between regimens. However, this study was not
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designed as a thorough QT study. Thus, one limitation is that no placebo
regimen was included, and it is, therefore, not possible to apply dou-
ble-delta corrections, and compensate for potential circadian changes in
heart rate and/or QT-intervals.

The pharmacokinetic properties of primaquine were largely unaffected
by coadministration of ivermectin. A previous study demonstrated a signifi-
cant reduction in primaquine clearance and volume of distribution, resulting
in higher peak concentrations and increased overall exposure, when co-
administered with dihydroartemisinin-piperaquine.® This study shows the
same trend of increased peak concentrations both when given together with
dihydroartemisinin-piperaquine alone or with ivermectin plus dihydroarte-
misinin-piperaquine. This is unlikely to be of clinical significance.

As expected, the pharmacokinetic properties of dihydroartemisinin
were unaffected by concomitant administration of ivermectin and/
or primaquine, except for a small but probably clinically insignificant
reduction in peak concentrations (22%) when co-administered with
primaquine alone, but total exposure was unaffected.

Ivermectin was lethal to An. dirus and An. minimus (Figure 4 and
Figure S$4) for a much longer time than predicted previously from a
pharmacokinetic-pharmacodynamic model linking iz vitro membrane
feeding results with ivermectin compound spiked in human blood."
Ivermectin 7-day-LC, -values for An. dirus and An. minimus from this
trial were 20-fold and 35-fold lower than the iz vitro results, respec-
tively (Figure 5). There was also a substantial temporal discrepancy
when comparing ivermectin plasma concentration-time data with
mosquito-lethal effects over time. Ivermectin concentrations fell below
the estimated 77 vitro 7-day-LCy, within 24 hours of drug administra-
tion, whereas more than half of the maximum mosquito-killing effect
was maintained for up to 7 days after drug administration (Figure 6).
One possible explanation is that previously uncharacterized, slowly
climinated ivermectin metabolites may have mosquito-lethal effects,

1227



ARTICLE

increasing mosquito mortality beyond that predicted by the parent
compound alone. Some 10-12 ivermectin metabolites have been identi-
fied using animal and human liver microsomes.*>?” A very small (z = 4)
ivermectin mass balance study determined that mean peak plasma con-
centrations of these metabolites were 2.5-fold higher than that of the
parent compound, and the effective half-lives of the metabolites were
approximately 6-fold longer compared with ivermectin.*®

In this and previous studies at this location, all mosquito experiments
were performed at the same facility, with the same mosquito strains, and
both iz vitro results (membrane feeding mosquitoes with blood spiked
with ivermectin) and 7 vivo results (membrane feeding mosquitoes with
blood from human volunteers receiving ivermectin) showed close to 100%
survival in control mosquitoes. Thus, active ivermectin metabolites, with
mosquito-lethal properties, seem a plausible explanation to this substan-
tially (20-fold and 35-fold) increased susceptibility to ivermectin iz vivo. If
slowly eliminated ivermectin metabolites impart a mosquito-lethal effect,
then this would cxglain the longer duration of mosquito mortality than
initially predicted,1 This greater than previously estimated period of mos-
quito killing supports the use of ivermectin MDA for malaria transmission
suppression in the GMS.

When ivermectin was co-administered with dihydroartemisinin-pip-
eraquine there was an increase in An. dirus mortality compared with
ivermectin alone when the mosquitoes fed blood from days 6 and 10
postdose (Figure 4a), and an increase in An. minimus mortality when
fed blood from day 10 postdose (Figure 4b). Iz vitro membrane feed-
ing results with piperaquine-spiked blood indicated no effect of parent
compound on An. dirus survival (Figure S6). Furthermore, if dihydroar-
temisinin-piperaquine was lethal to mosquitoes, it would have reduced
An. dirus ivermectin LC -values associated with dihydroartemisinin-pip-
eraquine-containing regimens below that of ivermectin alone, but this
did not occur. Coadministration of ivermectin with dihydroartemisi-
nin-piperaquine led to increased C_ _and AUC,. values for ivermectin
(Figure 3a), which presumably explains the increased mosquito mortality
with dihydroartemisinin-piperaquine-containing regimens (Figure 4),
and may also explain the prolonged mosquito-lethal effect observed with
An. gambiae in a previous trial2> An effect on bioactive ivermectin metab-
olite disposition may also occur.

Blood from male subjects was slightly more lethal to An. dirus than
from female subjects. This contradicts findings from two previous studies
in P falciparum-infected patients in which ivermectin was co-adminis-
tered with artemether-lumefantrine in Burkina Faso®® and dihydroarte-
misinin-piperaquine in Kenya.25 However, this discrepancy could be an
artifact of small sample size in the current study. As both male and female
subjects’ blood was lethal to A7. dirus with ivermectin 10-day-LC -values
below 3 ng/mL, it is unlikely that this difference would be of major rele-
vance in field MDA settings.

Capillary and venous blood ivermectin concentrations were similar
(Figure S3). Ivermectin is a very lipophilic drug, which disperses into
dermal compartments at twofold to threefold hi§her concentrations
than venous plasma in both rats® and humans.*! Mosquitoes feed
from subdermal capillaries and not primary veins and arteries. It was
proposed previously that mosquitoes may imbibe higher ivermectin
concentrations than predicted from venous plasma.42 It is also possi-
ble that ivermectin metabolites may occur at higher concentrations in
subdermal capillaries and this could contribute to enhanced mosqui-
to-lethal effects. Two previous studies showed conflicting results. In a
study from Brazil, ivermectin was more lethal to 4n. aquasalis that di-
rectly fed on ivermectin-treated persons compared with membrane-fed
venous blood from the same volunteers,*> whereas no difference was
observed for An. gambiae in Kenya with similar experimental design.**
The detection of ivermectin in capillary blood in two subjects at 56
and 69 days postdose of ivermectin plus primaquine suggest a possible
very slow terminal elimination phase. Further comparisons of mem-
brane feeds with venous blood and direct mosquito feeds should be
conducted over protracted periods.
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MDAs with ACTs are unlikely to select for drug resistance in asymp-
tomatic persons.”> The addition of ivermectin during dihydroartemisi-
nin-piperaquine MDA could further reduce likelihood of antimalarial
drug resistance development and spread by several mechanisms. Increased
piperaquine concentrations during ivermectin coadministration reduce
the likelihood of parasite exposure to suboptimal partner drug concen-
trations. Conversely, if suboptimal piperaquine concentrations occur due
to incomplete ACT treatment, missed doses, poor absorption, or unusual
pharmacokinetics, then the enhanced reduction in parasite transmission
by ivermectin would reduce the number of new infections exposed to
suboptimal partner drug concentrations. Finally, drug-resistant parasites
ingested by mosquitoes before MDA or from untreated persons would not
be transmitted if the mosquito is killed by ivermectin during a later blood
meal before the mosquito has developed infectious sporozoites.

This study found the combination of ivermectin plus dihydroartemisinin-
piperaquine plus primaquine to be generally well tolerated. One subject had a
drug-drug interaction with ivermectin plus dihydroartemisinin-piperaquine,
which increased AST and ALT to levels of concern and warrants further
investigation. Coadministration of ivermectin plus dihydroartemisinin-
piperaquine led to increased concentrations of ivermectin, which imparted
a greater mosquito-lethal effect. The much greater mosquito-lethal effect
demonstrated in this study compared with previous ivermectin #7 vitro results
suggest that there may be ivermectin metabolites with mosquito-lethal effects.
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